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The polarization of neurons, which mainly includes
the differentiation of axons and dendrites, is
regulated by cell-autonomous and non-cell-autono-
mous factors. In the developing central nervous
system, neuronal development occurs in a heteroge-
neous environment that also comprises extracellular
matrices, radial glial cells, and neurons. Although
many cell-autonomous factors that affect neuronal
polarization have been identified, the microenviron-
mental cues involved in neuronal polarization remain
largely unknown. Here, we show that neuronal polar-
ization occurs in a microenvironment in the lower in-
termediate zone, where the cell adhesion molecule
transient axonal glycoprotein-1 (TAG-1) is expressed
in cortical efferent axons. The immature neurites
of multipolar cells closely contact TAG-1-positive
axons and generate axons. Inhibition of TAG-1-medi-
ated cell-to-cell interaction or its downstream kinase
Lyn impairs neuronal polarization. These results
show that the TAG-1-mediated cell-to-cell interac-
tion between the unpolarized multipolar cells and
the pioneering axons regulates the polarization of
multipolar cells partly through Lyn kinase and Rac1.
INTRODUCTION
Multiple cellular processes, such as cell migration and prolifera-
tion, occur within themicroenvironment in vivo. Unlike in vitro cell
culture conditions, the development and growth of cells in vivo is
precisely controlled by environmental cues such as the extracel-
lular matrix (ECM), secreted factors, and neighboring cells (Friedl814 Neuron 81, 814–829, February 19, 2014 ª2014 Elsevier Inc.and Alexander, 2011; Hsu and Fuchs, 2012). In the developing
central nervous system, neurons develop within a hetero-
geneous environment that also contains ECMs, radial glial cells,
and neurons (Raper and Mason, 2010).
Neurons are highly polarized cells that have two structurally
and functionally distinct compartments: axons and dendrites
(Arimura and Kaibuchi, 2007; Craig and Banker, 1994; Witte
and Bradke, 2008). Studies that have used dissociated neurons
from rodent brains have revealed that many proteins, such as
kinases, small GTPases, cytoskeleton proteins, cytoskeleton-
associated proteins, and transcription factors, are involved in
the establishment of neuronal polarity (Arimura and Kaibuchi,
2007; Barnes and Polleux, 2009; Christensen et al., 2011; Craig
and Banker, 1994; de la Torre-Ubieta et al., 2010; Dotti et al.,
1988; Govek et al., 2005; Pacary et al., 2011; Witte and Bradke,
2008). In addition, accumulating evidence suggests that extra-
cellular molecules also play important roles in neuronal polari-
zation (Esch et al., 1999; Yoshimura et al., 2005). These studies
suggest that neuronal polarization is precisely controlled through
cell-autonomous and non-cell-autonomous signals. A number of
molecules, such as kinases and small GTPases, also seem to
play critical roles in neuronal polarization in vivo (Barnes et al.,
2007; Garvalov et al., 2007; Kawauchi et al., 2003; Nakamuta
et al., 2011; Sapir et al., 2008; Shelly et al., 2007; Tahirovic
et al., 2010); however, the extracellular signals that regulate
these processes in vivo remain largely unknown.
In the embryonic cerebral cortex, new neurons are generated
from radial glial cells in the ventricular zone (VZ) (Miyata et al.,
2001; Noctor et al., 2001; Tamamaki et al., 2001). These newly
generated neurons immediately move to the intermediate zone
(IZ), where they become multipolar cells with multiple immature
neurite extensions (Barnes and Polleux, 2009; Kriegstein and
Noctor, 2004). Subsequently, the neurons initiate leading and
trailing processes (nascent axons) and eventually transform
into bipolar cells (Hatanaka and Yamauchi, 2013; Nakamuta
et al., 2011). The bipolar cells are fully polarized and migrate
Figure 1. Neuronal Polarization Occurs in the TAG-1-Positive Lower Region of the Intermediate Zone
(A–D) Time-lapse imaging analysis of the multipolar-to-bipolar transition in the neocortical slice culture. The multipolar cells were labeled using electroporation at
E13 and processed for imaging at E15. The arrows and asterisks in (A) indicate the GFP-labeled cells and nascent axons, respectively.
(B) A representative graph of the length of neurites during the multipolar-to-bipolar transition.
(C) Quantification of the order of process formation.
(D) A scatter graph of the maximum length of the minor neurites (except the leading and trailing processes). The magenta line indicates the average length.
(E) Layer formation in the cerebral cortex at E15. Coronal sections were stained with anti-neurofilament (SMI-312, green), anti-TAG-1 antibodies (magenta), and
Hoechst 33342 (blue). The graph on the right shows the relative intensity of the fluorescent signals.
(F) Representative images of the electroporated cells. The asterisks indicate the axon.
(G) The percentages of electroporated cells with four different morphology in the VZ/SVZ, IZ-L, and IZ-U of the cerebral cortex. The error bars represent the SEM.
VZ/SVZ indicates ventricular zone and subventricular zone; IZ-L indicates lower intermediate zone; IZ-U indicates upper intermediate zone; CP indicates cortical
plate. Scale bar shows 10 mm in (A) and (F) and 50 mm in (E). See also Figure S1 and Movie S1.
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Figure 2. Interactions between Multipolar Cells and Preexisting Axons
(A) Time-lapse imaging analysis of the multipolar-to-bipolar transition in the neocortical slice culture. The multipolar cells were labeled using electroporation at
E13 and processed for imaging at E15. The inset in the right panel shows the merged image of three different time points (14 hr in green, 23 hr in magenta, and
34 hr in blue), indicating the ‘‘immobile region’’. The asterisks in (A) indicate nascent axons.
(B) Representative images of the interaction between Kusabira-Orange-labeled multipolar cells (red) and TAG-1-positive fibers (white). The panel on the right
shows the y-z axis images at three different planes (1, 2, and 3).
(C) Quantitative analysis of the multipolar cell-axon interaction.
(D) Representative images of the immunoelectronmicroscopic analysis. Themultipolar cells were labeled using electroporation at E13 and processed for analysis
at E15. The GFP-labeled cell (asterisk) is contacting axon-like tangential processes (pseudocolored in magenta).
(legend continued on next page)
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Microenvironment for Neuronal Polarization In Vivotoward the cortical plate (CP). The IZ is divided into two parts, the
upper radial migration zone and the lower multipolar migration
zone (Jossin and Cooper, 2011). Themajority of cells in the radial
migration zone are bipolar cells, and those in the multipolar
migration zone are multipolar cells; therefore, the multipolar-to-
bipolar transition might occur at the border between the multi-
polar and radial migration zones and/or within the multipolar
migration zone in the lower part of the IZ. Although environmental
cues are required for unpolarized neurons to establish polarity
and elongate axons (Zolessi et al., 2006), the extracellular
cues that exist in the lower IZ and how these cues regulate the
neuronal polarization (multipolar-to-bipolar transition and axon
formation) have not been determined.
Here, we show that multipolar cells closely interact with the
preexisting axons of early-born neurons, and this interaction
is important for neuronal polarization. In addition, the TAG-1
knockdown in multipolar cells impairs neuronal polarization.
Our results suggest that the TAG-1-dependent interaction
between multipolar cells and preexisting axons enables multi-
polar cells to specify axons and develop into bipolar cells.
RESULTS
Axon Formation Occurs in the TAG-1-Positive Lower IZ
Newly generated neurons in the embryonic cerebral cortex
establish their polarity during the multipolar-to-bipolar cell tran-
sition (Calderon de Anda et al., 2008; Hatanaka and Yamauchi,
2013; Nakamuta et al., 2011; Noctor et al., 2004; Sapir et al.,
2008), during which neurons extend leading (future dendrite)
and trailing (nascent axon) processes (Hatanaka and Yamauchi,
2013). To precisely analyze neuronal polarization in vivo, we first
examined the temporal regulation of neuronal polarization in
cultured slices using time-lapse imaging (Figure 1A; Movie S1
available online). To visualize individual multipolar cells, we
transfected Ta-Cre and Ta-LPL-LynEGFP into progenitor cells
at E13 using in utero electroporation, and we sacrificed the
embryos at E15 for time-lapse imaging as described previously
(Nakamuta et al., 2011). Using this system, we observed cells
that expressed membrane-targeted EGFP (LynEGFP) under
the control of the Ta neuron-specific promoter and Cre recombi-
nase. The multipolar cells in the IZ repeatedly extended and
retracted neurites during themultipolar-to-bipolar transition (Fig-
ure 1B). The majority of the multipolar cells extended trailing pro-
cesses (nascent axons) prior to leading processes (60.0%, n = 80
cells; Figure 1C), which suggests that the multipolar cells initially
form axons and then undergo multipolar-to-bipolar transition.
Therefore, the first step of neuronal polarization in vivo is axon
formation, which is the same as that in dissociated neurons (Dotti
et al., 1988). In the following experiment, we focused on axon for-
mation to study neuronal polarization. Notably, the length of the
minor process did not exceed 50 mm (Figure 1D).
Next, we analyzed the spatial regulation of neuronal polariza-
tion. Previous studies have suggested that neuronal polarization(E) Representative image of the interaction between Kusabira-Orange-labeled m
(F) Higher-magnification image of the KO-labeled cells, indicated with an arrow in
were labeled with GFP at E12, and themultipolar cells were labeled with Kusabira
(B), and (F); 2 mm in (D); and 50 mm in (E). See also Figure S2 and Movies S2 andoccurs in the IZ (Hatanaka and Yamauchi, 2013; Jossin and
Cooper, 2011; Nakamuta et al., 2011); therefore, we focused
our analysis on this region. The IZ is primarily defined on the
basis of its architecture and running efferent and afferent axons.
Both efferent and afferent axons, which were labeled with anti-
neurofilament antibody (SMI-312), were observed throughout
the IZ (Figure 1E). In contrast, the expression of TAG-1, an
efferent axon marker, was primarily restricted to the lower
section of the IZ (Figure 1E), as described in previous studies
(Fukuda et al., 1997; Hatanaka et al., 2009). Thus, the IZ was
divided into two distinct regions: a TAG-1-negative upper region
(IZ-U) and a TAG-1-positive lower region (IZ-L) (Figure 1E). To
analyze neuronal polarization in fixed brain slices, we catego-
rized the newly generated neurons in the IZ based on their
morphology as follows:multipolar cells without axons, multipolar
cells with axons, bipolar cells without axons, or bipolar cells with
axons (Figure 1F). Multipolar cells without axons are considered
unpolarized cells, and multipolar cells with axons and bipolar
cells with or without axons are polarized cells. The time-lapse
imaging showed that processes greater than 50 mm in length
should be defined as axons, because almost all of the neurites
that exceeded 50 mm in length developed into axons, and the
length of the minor processes did not exceed 50 mm (Figures
1B and 1D). We electroporated at E13 and fixed the mice for
immunohistochemistry at E15. In the VZ and SVZ, almost all of
the GFP-labeled cells were multipolar cells without axons (Fig-
ure 1G). There were no cells with extended axons in the VZ/
SVZ. In contrast, more than 70% of the GFP-labeled cells in
the IZ-L possessed axons (n = 112 cells from four embryos).
Half of these axon-extending cells were multipolar cells with
axons. The remaining GFP-labeled cells in the IZ-L were multi-
polar cells without axons. In the IZ-U, most of the GFP-labeled
cells were bipolar cells with axons. The population of bipolar
cells without axons was extremely small throughout each layer.
Taken together, these results raise the possibility that neuronal
polarization (axon formation and the multipolar-to-bipolar transi-
tion) primarily occurs in the IZ-L.
Tangential Process of Multipolar Cells Contact
Preexisting Axons
The majority of multipolar cells extend their axons tangentially
in the IZ; however, the initial orientation of the axons varies
between studies (de Anda et al., 2010; Hatanaka and Yamauchi,
2013; Nakamuta et al., 2011; Noctor et al., 2004; Sakakibara
et al., 2013). We therefore quantified the initial orientation of
the axons using time-lapse imaging analysis. As shown in Fig-
ures 1A, 2A and 6C, the nascent axons originated from a variety
of angles at the initial phase of axon formation (Figure S1). This
result suggests that the nascent axon was generated not only
parallel to but also perpendicular to the tangential axis. However,
regardless of the initial orientation of the axon, almost all of the
nascent axons possessed the ‘‘immobile region,’’ in which axons
remained in the same area (inset in Figure 2A; Movie S2).ultipolar cells (red) and the GFP-positive axons of early-born neurons (green).
(E). The image was generated using 3D reconstruction. The early-born neurons
Orange at E13. The error bars represent SEM. Scale bar represents 10 mm in (A),
S3.
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Figure 3. Interactions between Multipolar Cells and Preexisting Axons for Neuronal Polarization
(A) Schematic diagram of the overlay culture. The angle between the axon of the first and second neurons was estimated.
(B) Representative image of the overlay culture. The axons of the first neuron were visualized using Tau1 immunostaining. The second neurons (green) were
dissociated from ROSA26-LynVenus transgenic mice.
(legend continued on next page)
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born neurons in the IZ (Del Rı´o et al., 2000), we speculated that
the nascent axons of multipolar cells interact with preexisting
axons and that this interaction results in immobility. We therefore
examined the interactions between TAG-1- and SMI-312-posi-
tive axons and nascent axons of multipolar cells. Most of the
nascent axons of the multipolar cells closely contacted TAG-1-
or SMI-312-positive fibers (86.1% ± 3.5% or 88.8% ± 4.3%,
respectively) (Figures 2B and 2C). In addition, the immunoelec-
tron microscopic analysis revealed that the tangential processes
of the multipolar cells closely contacted axon-like processes
(Figure 2D). Furthermore, scanning electron microscopic anal-
ysis showed that the tangentially oriented processes of multi-
polar cells twined around the axon bundle in the IZ (Figure S2).
To determine whether the preexisting axons were derived from
early-born neurons, we performed a double electroporation
analysis. The early-born neurons were labeled with EGFP in
the first electroporation, and the late-born multipolar cells were
labeled with Kusabira Orange in the second electroporation;
both cell types were analyzed 2 days after the second electropo-
ration. The 3D reconstruction analysis showed that the nascent
axons of the Kusabira-Orange-labeled multipolar cells closely
contacted the axons of the GFP-labeled early-born neurons
(Figures 2E and 2F; Movie S3). These results raise the possibility
that the interaction between the neurites of multipolar cells and
the axons of early-born neurons stimulates the neuronal polari-
zation of multipolar cells.
Axon-Multipolar Cell Interactions Stimulate Neuronal
Polarization
To examine whether the axon-multipolar cell interaction stimu-
lates neuronal polarization, we conducted overlay cultures
(Wang and Marquardt, 2012) (Figure 3A). Dissociated cortical
neurons from a wild-type mouse were plated at low density (first
neurons). These neurons formed axons within 3 days. The first
neurons were overlaid with newly dissociated cortical neurons
(second neurons) prepared from a ROSA26-LynVenus mouse
(Abe et al., 2011) and were cultured for 3 days. For the quantita-
tive analysis of axon-neurite interactions, the angles between the
preexisting axons and the neurites of unpolarized cells were
characterized as described previously (Bagnard et al., 2001). If
the second neurons formed axons through interactions with
preexisting axons (axons of the first neurons), then the angle
between the two axons was nearly parallel (Figure 3A). If the
second neurons formed axons independently from preexisting
axons, then the angle between the two axonswas nearly perpen-
dicular (Figure 3A). Most of the LynVenus-expressing second
neurons formed axons at angles of 0 to 30 (86.6%± 2.5%) (Fig-
ure 3B and 3C), suggesting that the second neurons formed(C) Quantification of the angle between the axon of the first and second neurons
(D) Time-lapse imaging analysis of the overlay culture. Images were obtained eve
(arrow at 1,625 min). Subsequently, the neurite extends along the preexisting ax
(E) Time-lapse imaging analysis of the interaction between Kusabira-Orange-lab
in vivo. The early-born neurons were labeled with GFP at E13, and the multipolar
cells contacted the GFP-positive axons of the early-born neurons (arrows).
(F) The tracing images of a Kusabira-Orange-labeled cell (black) and GFP-positi
cells, the Kusabira-Orange-labeled cell maintained contact at the tail of the cell.axons through interactions with the preexisting axons. To
examine the causal relationships between axon formation and
preexisting axons, we observed the interactions using time-
lapse imaging (Figure 3D;Movie S4).Most of the second neurons
contacted preexisting axons before axon formation. In most
cases, the axons emerged from the contacted site and elon-
gated while in contact with the preexisting axons (89.8%; n =
49 cells).
Next, we performed double electroporation analysis to
analyze the interaction between the multipolar cells and pre-
existing axons in vivo. The preexisting axons of the early-born
neurons were labeled with EGFP in the first electroporation,
and the late-born neurons were labeled with Kusabira Orange
in the second electroporation. Two days after the second
electroporation, the interactions were analyzed using dual-color
time-lapse imaging. The neurites of late-born neurons main-
tained contact with EGFP-labeled axons during their polarization
(Figures 3E and 3F; Movie S5). In most cases, the contacting
neurites eventually developed into nascent axons (6/8 cases).
To rule out the possibility that other cell-cell interactions
regulate neuronal polarization, we cocultured neurons with nes-
tin-positive cells and analyzed the role of the nestin-positive
cells in neuronal polarization. The nestin-positive cells dissoci-
ated from embryonic mouse neocortex were overlaid with
newly dissociated cortical neurons and were cultured for
2 days. More than half of neurons extended axons away from
the nestin-positive cells (58.1%; n = 43 cells) (Figure S3).
Another half of the neurons extended axons toward the nes-
tin-positive cells (41.9%; n = 43 cells) (Figure S3). These results
indicate that the interaction between neurons and nestin-posi-
tive cells is not involved in the neuronal polarization. Thus, it
is likely that the interaction between unpolarized neurons and
pioneering neurons, rather than the interaction between
neurons and nestin-positive cells, is important for neuronal
polarization.
TAG-1 Is Required for Neuronal Polarization
Axon-axon interactions are primarily mediated through immuno-
globulin superfamily cell adhesion molecules (IgCAMs) (Pan-
icker et al., 2003); thus, we hypothesized that IgCAMs are
involved in the interaction between the neurites of multipolar
cells and the axons of early-born neurons and that these interac-
tions regulate neuronal polarization. To analyze the expression
of IgCAMs in the multipolar cells, the EGFP-labeled multipolar
cells at E14 were harvested using fluorescence-activated cell
sorting (FACS) when almost all of the electroporated cells ex-
hibited the features of multipolar cells (Nakamuta et al., 2011).
The expression of Cntn1-6, L1, CHL1, NrCAM, and NCAM
was analyzed using RT-PCR. TAG-1/Cntn2, L1, CHL1, NrCAM,(n = 67 cells from three independent experiments).
ry 5 min. The unpolarized second neuron contacts the axon of the first neuron
ons. Asterisks indicate growth cones.
eled cells (red) and the GFP-positive axons of the early-born neurons (green)
cells were labeled with Kusabira Orange at E15. The Kusabira-Orange-labeled
ve axons of the early-born neurons (green). During transformation into bipolar
Scale bar represents 10 mm. See also Figure S3 and Movies S4 and S5.
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Figure 4. Characterizing the Role of the
Immunoglobulin Superfamily Cell Adhesion
Molecules in Neuronal Polarization
(A) Expression of immunoglobulin superfamily cell
adhesion molecules (IgCAMs) in multipolar cells.
Multipolar cells were selected using FACS, and the
expression of IgCAMs was analyzed using RT-PCR.
(B) Representative images of the knockdown of
IgCAMs. The mice were electroporated at E13 and
fixed at E16. GFP (green) and Hoechst 33342 (blue).
(C) Schematic diagram of the axon intensity ratio.
The axonal GFP intensity in a square region
(magenta) was normalized to the total GFP intensity
(blue).
(D) Quantification of axon formation by using the
axon intensity ratio. Error bars represent SEM.
**p<0.01. Scale bar represents 50 mm. See also
Figure S4.
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ure 4A). Consistent with the results from the RT-PCR analysis,
immunohistochemical analysis showed that the multipolar cells
expressed TAG-1, L1, CHL1, NrCAM, and NCAM, but not
Cntn1 and Cntn3-6 (Figure S4). However, we could not rule
out the possibility that other IgCAMs are weakly expressed in
the multipolar cells and play important roles in neuronal polariza-
tion. Thus, we first analyzed the function of these IgCAMs in
axon formation using shRNA-based screening. We designed820 Neuron 81, 814–829, February 19, 2014 ª2014 Elsevier Inc.shRNAs against Cntn1-6, L1, NrCAM,
CHL1, and NCAM. The knockdown effi-
ciency was tested using immunoblotting
(Figure S4). To quantify the axon forma-
tion, we calculated the axon intensity ratio
as described previously (Ageta-Ishihara
et al., 2009), withmodifications (Figure 4C).
The axonal GFP intensity in a square re-
gion was normalized using the total GFP
intensity. The knockdown of TAG-1 signif-
icantly reduced the axon intensity ratio in
the brain, whereas the knockdown of other
molecules did not result in any reduction in
the axon intensity ratio (Figures 4B and
4D). For further analysis, we generated
two independent shRNA vectors. Notably,
the expression of both of these knock-
down vectors significantly impaired axon
formation (Figure S5). Of the two shRNAs
tested, we selected the shRNA (#3) that
produced the most robust knockdown of
endogenous TAG-1 in cortical neurons
and in vivo (Figures 5A and 5B). Ectopic
expression of the shRNA-resistant mutant
of mTAG-1 (Figure 5C) partially rescued
axon formation in TAG-1 knockdown cells
(Figures 5D and 5E). Notably, the ectopic
expression of mTAG-1 itself slightly
reduced the axon intensity ratio (Figures
5D and 5E), suggesting that the over-expression of TAG-1 weakly impaired axon formation. We sub-
sequently analyzed the morphology of TAG-1 knockdown cells.
As previously described (Nakamuta et al., 2011), the majority of
electroporated cells were developed into bipolar cells in the
upper IZ and CP at E16 (Figures 5F, 5G, and S5). In contrast,
the TAG-1 knockdown cells located in the upper IZ and lower
CP showed multipolar morphology (Figures 5F and 5G), sug-
gesting that the multipolar-to-bipolar transition was impaired.
To quantify these morphological changes in detail, the neurite
Figure 5. Suppression of TAG-1 Expression Impairs Neuronal Polarization
(A) Validation of the efficiency of TAG-1 shRNA in cultured cortical neurons. Endogenous TAG-1 expression was detected using immunoblot analysis with an anti-
TAG-1 antibody.
(B) Analysis of the efficiency of TAG-1 shRNA in vivo. The mice were electroporated at E13 and fixed at E15. TAG-1 (magenta) and GFP (green). The arrows
indicate GFP-labeled cells.
(legend continued on next page)
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analysis (Sholl, 1953). The length of the neurites was significantly
reduced in TAG-1 knockdown cells compared to control cells at
E16, whereas the number of the neurites was not changed
(Figure S5). Interestingly, the TAG-1 knockdown cells started
to extend axon-like tangential processes at E18 (Figures 5H,
5I, and S5). In addition, the time-lapse imaging analysis showed
that the TAG-1 knockdown cells repeatedly extended and
retracted their neurites, and the neurites were not specified as
axons during the imaging period (data not shown). Taken
together, these results suggest that the capacity for axon forma-
tion itself was not impaired in the TAG-1 knockdown cells but
that the knockdown cells have difficulty in stabilizing and spec-
ifying an immature neurite as an axon.
Next, we examined whether TAG-1 regulates neuronal
polarization through a TAG-1-dependent cell-to-cell interaction.
Previous studies revealed that the first to fourth, especially
second and third, Ig domains of TAG-1 are important for the
TAG-1-dependent trans interaction (Freigang et al., 2000; Kunz
et al., 2002; Mortl et al., 2007; Rader et al., 1996). Therefore,
we electroporated cells with shTAG-1 and three different types
of mutant mTAG-1 with the signal peptides: the deletion mutant
of the six Ig domains (TAG-1DIg1–6), the deletion mutant of the
first four Ig domains (TAG-1DIg1–4), and the deletion mutant of
the second and third Ig domains (TAG-1DIg23). The ectopic
expression of TAG-1DIg1–6, TAG-1DIg1–4, or TAG-1DIg23 with
TAG-1 shRNA did not rescue the axon intensity ratio (Figures
6A and 6B), suggesting that trans binding of TAG-1 is required
for axon formation.
Neutralizing antibodies against TAG-1 also inhibited the
TAG-1-dependent cell-to-cell interaction (Figure S6) (Law
et al., 2008; Morante-Oria et al., 2003). Control or neutralizing
antibody was added to the slice culture medium, and the
morphological changes of GFP-positive electroporated cells
were examined. We defined the cells that possessed stable
processes that eventually developed into long nascent axons
as polarized neurons. In the control experiment, the majority
of GFP-positive cells were polarized within 20 hr from the start
of imaging (Figures 6C and 6D; Movie S6). In contrast,
when anti-TAG-1 antibody was added, approximately half of
the GFP-positive cells remained in the unpolarized stage until
the end of imaging (Figures 6C and 6D; Movie S7). Taken
together, these results suggest that the cell-to-cell interaction
is mediated through TAG-1, which is important for neuronal
polarization.(C) Validation of the shRNA-resistant mutant of mouse TAG-1 (mTAG-1resi). Wild
TAG-1 shRNA into COS7 cells. After 72 hr, the cells were lysed and subjected to
(D) Knockdown and rescue experiment of TAG-1 in vivo. The TAG-1 shRNA vect
cortex at E13, followed by fixation at E16. GFP (green) and Hoechst 33342 (blue
(E) Quantitative analysis of the effects of the knockdown and rescue of TAG-1 on
(F) The tracing images of the GFP-labeled cells. Control or TAG-1 shRNA vector wa
The embryos were sacrificed for morphological analysis at E16.
(G) The percentage of GFP-labeled cells with multipolar or bipolar morpho
intermediate zone.
(H) The tracing images of the GFP-labeled cells. TAG-1 shRNA vector was coel
embryos were sacrificed for morphological analysis at E18.
(I) Morphological analysis of GFP-labeled multipolar cells at E16 or E18. The Sh
(n = 20 of each). The error bars represent SEM. *p<0.05, **p<0.01, ***p<0.001. S
822 Neuron 81, 814–829, February 19, 2014 ª2014 Elsevier Inc.We next attempted to examine the signals downstream of
TAG-1 that contribute to neuronal polarization. There are two
candidate mechanisms of outside-in signaling by TAG-1: one
that involves cis-associated TAG-1 proteins and another that
involves Src family kinases (SFKs) (Karagogeos, 2003). Several
cis-associated TAG-1 proteins, such as L1, NrCAM, and con-
tactin-associated protein-like 2 (CASPR2), have been identified
(Karagogeos, 2003; Shimoda and Watanabe, 2009). However,
knockdown of L1 or NrCAM (Figures 4B and 4D), double knock-
down of both genes (data not shown), or ectopic expression of
the cytoplasmic deletion mutant of CASPR2 (Bel et al., 2009)
(Figure S7) did not affect axon formation. Therefore, cis-asso-
ciated TAG-1 proteins seem not to be involved in the TAG-1-
mediated neuronal polarization. Next we examined the
involvement of SFKs in the TAG-1-mediated neuronal polari-
zation, because TAG-1 and Lyn, a member of the SFKs, are
localized within the lipid rafts in neurons (Kasahara et al.,
2000, 2002; Prinetti et al., 2001). In addition, several lines of
studies suggest that Lyn is enriched in the growth cone of
developing neurons (Sekino-Suzuki et al., 2013) and regulates
the neurite outgrowth (Ichikawa et al., 2009). We therefore
examined the role of SFKs in neuronal polarization by using
dominant-negative (DN) mutants. The expression of Lyn-DN
significantly reduced the axon intensity ratio, whereas the
expression of other SFK DN mutants, Fyn-DN, Src-DN, or
Yes-DN, slightly but not significantly affected the axon intensity
ratio (Figure S7). In addition, the knockdown of Lyn significantly
reduced the axon intensity ratio, and this phenotype was
rescued by the ectopic expression of shRNA-resistant mutant
of mouse Lyn (Figure S7), suggesting that Lyn is involved in
the neuronal polarization. Next we examined whether the
phenotype of TAG-1 knockdown is rescued by the ectopic
expression of Lyn. The phenotype of TAG-1 knockdown was
partially rescued by the exogenous expression of Lyn but not
Fyn, Src, or Yes (Figures 7A and 7B). Furthermore, combination
of TAG-1 shRNA and Lyn shRNA or Lyn-DN did not show any
additional effects on the axon intensity ratio (Figure S7). These
results suggest that Lyn acts as a downstream signal of
TAG-1 for neuronal polarization. We next examined whether
TAG-1 and Lyn are colocalized. To examine the colocalization
of TAG-1 and Lyn, a coimmunoprecipitation assay was
performed. When surface-expressed TAG-1 was immuno-
precipitated from COS7 cell lysate, FLAG-tagged Lyn was
coimmunoprecipitated (Figure 7C). Notably, this coimmunopre-
cipitated Lyn was phosphorylated at the activation site Y416,-type or shRNA-resistant mutants of mouse TAG-1 were cotransfected with
immunoblotting with anti-TAG-1 or anti-a-tubulin antibody.
or and/or mTAG-1resi expression vector were electroporated into the cerebral
).
axon formation. Axon formation was evaluated using the axon intensity ratio.
s coelectroporatedwith the Cre-loxP-mediated GFP expression vector at E13.
logies in the cerebral cortex. CP represents cortical plate, IZ represents
ectroporated with the Cre-loxP-mediated GFP expression vector at E13. The
oll analysis was performed with GFP-labeled multipolar cells located in the IZ
cale bar represents 50 mm. See also Figure S5.
Figure 6. TAG-1-Mediated Cell-to-Cell Interaction Is Required for Neuronal Polarization
(A) Knockdown and rescue experiment using the TAG-1 deletion mutants (mTAG-1DIg1–6, mTAG-1DIg1–4, and mTAG-1DIg23). TAG-1 shRNA vector and TAG-1
deletion mutant expression vector were electroporated into the cerebral cortex at E13, followed by fixation at E16. GFP (green) and Hoechst 33342 (blue).
(B) Quantitative analysis of the effect of the knockdown and rescue of TAG-1 in mTAG-1 mutants. Axon formation was evaluated using the axon intensity ratio.
(legend continued on next page)
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form. Treatment of MbCD, an inhibitor specifically designed to
disrupt lipid rafts in cells by depleting their cholesterol compo-
nent (Yamashita et al., 2001), reduced the amounts of Lyn coim-
munoprecipitated with TAG-1 (Figure 7D), suggesting that
TAG-1 and Lyn were colocalized in the lipid rafts as described
previously (Kasahara et al., 2000, 2002; Prinetti et al., 2001).
In addition, we clearly demonstrated that Lyn coimmunoprecipi-
tated with TAG-1 from E15 mouse brain lysates, suggesting that
TAG-1 and Lyn form a complex in vivo (Figure 7E). Next, we
examine whether TAG-1 activates Lyn. The antibody-mediated
crosslinking of TAG-1 induced phosphorylation of the activation
site Y416, thereby activating Lyn. This phosphorylation was
suppressed by MbCD treatment (Figure 7F). These results sug-
gest that TAG-1 is functionally interacted with Lyn.
The Rho family GTPases are known to regulate axon specifi-
cation in cultured hippocampal neurons (Arimura and Kaibuchi,
2007). Among this family, Rac1 plays a pivotal role in axon forma-
tion (Kunda et al., 2001; Nishimura et al., 2005). We therefore
examined whether Lyn activated Rac1, cdc42, and RhoA. Over-
expression of Lyn WT induced Rac1 activation, and treatment of
PP2, a SFK inhibitor, together with the overexpression of LynWT
did not alter the Rac1 activity (Figure 7G). In contrast, over-
expression of LynWT did not affect the activity of the other small
GTPases such as RhoA and cdc42 (data not shown). We next
examined whether TAG-1 activated Rac1 through Lyn. We
determined that the antibody-mediated crosslinking of TAG-1
induced activation of Rac1 in a Lyn-dependent manner (Fig-
ure 7H). Furthermore, we performed a FRET analysis to examine
the spatiotemporal activation of Rac1 in neurons. When the
neurites made contact with the preexisting axons, Rac1 activity
was sustained at the contacted neurites of control neurons.
Moreover, the neurites rapidly elongated. However, Rac1 activity
was not sustained where neurites made contact with TAG-1
knockdown neurons, and the neurites underwent repeated
growth and retraction (Figure S7). Taken together, these results
indicate that TAG-1 regulates neuronal polarization, presumably
through Lyn and Rac1.
DISCUSSION
In the developing nervous system, there are two modes of
neuronal polarization. The ‘‘inheritance of polarity’’ mode exists
in vertebrate retinal ganglion cells, which are directly derived
from the retinal neuroepithelial cells from which they inherit their
apicobasal polarity (Randlett et al., 2011). Therefore, the apical
process eventually develops into a dendrite, and the basal
process becomes an axon (Zolessi et al., 2006). In the ‘‘estab-
lishment of polarity’’ mode, a majority of the pyramidal neurons
in the developing neocortex are derived from radial glial cells
via intermediate progenitor cells located in the SVZ (Franco
and Mu¨ller, 2013; Kowalczyk et al., 2009; Wu et al., 2005). The(C) Time-lapse imaging of GFP-labeled cells with or without anti-TAG-1 neutralizin
processed for imaging at E15. The slices were incubated with control or anti-TA
(D) Quantification of the polarization of GFP-labeled cells. Themorphological chan
time-lapse imaging for up to 40 hr. The error bars represent SEM. *p<0.05, **p<0.0
(C) (lower panel). See also Figure S6.
824 Neuron 81, 814–829, February 19, 2014 ª2014 Elsevier Inc.radial glial cells contact the apical and basal surfaces of the
cerebral cortex and possess the same apicobasal polarity as
the neuroepithelial cells (Kriegstein and Alvarez-Buylla, 2009).
However, the intermediate progenitor cells detach from both
surfaces and lose their polarity (Attardo et al., 2008; Noctor
et al., 2004). Because these neurons are derived from the unpo-
larized intermediate progenitor cells, they cannot inherit polarity
and form multipolar morphologies (Kriegstein and Alvarez-
Buylla, 2009). Thus, these neurons establish their polarity again
during the multipolar-to-bipolar transition. Interestingly, when
the polarity of the retinal neuroepithelial cells is impaired, the
retinal ganglion cells show multipolar morphology (Horne-Bado-
vinac et al., 2001; Zolessi et al., 2006). These studies suggest
that the multipolar cells are generated when the mother cells
do not possess apparent polarity.
It has been suggested that environmental cues are required
for multipolar cells to establish polarity in vivo (Zolessi et al.,
2006). Here, we propose novel environmental cues for the
‘‘establishment of polarity’’ mode (Figure S7). The multipolar
cells repeatedly extend and retract immature neurites in the
lower IZ. Once one of the neurites of a multipolar cell contacts
the pioneering axons from the early-born pyramidal neurons,
the neurite is stabilized and extends rapidly, eventually differ-
entiating into an axon. Subsequently, the nascent axon extends
along pioneering axons toward the appropriate target (e.g., the
corpus callosum). If this is the case, it is expected that axons
will form in the lower IZ, asmost of the efferent axons run through
the lower but not the upper region of the IZ (Del Rı´o et al., 2000;
Fukuda et al., 1997). In addition to the extrinsic factors, cell-
autonomous factors such as LKB1 and CaMKK also play im-
portant roles in the ‘‘establishment of polarity’’ mode of neuronal
polarization (Barnes et al., 2007; Nakamuta et al., 2011; Shelly
et al., 2007). Because the activity of these cell-autonomous
factors are regulated by extracellular molecules, such as BDNF
and NT-3, in an autocrine or paracrine manner (Cheng et al.,
2011; Nakamuta et al., 2011), it is likely that both cell-autono-
mous and cell-extrinsic mechanisms coordinate and regulate
neuronal polarization in vivo.
The interaction between pioneer and follower neurons is
primarily mediated through the activity of IgCAMs, including
TAG-1 (Plachez and Richards, 2005). Consistent with the results
obtained here, suppression of TAG-1 expression in the zebrafish
midbrain impairs axon-axon interactions, which leads to the
repeated extension and retraction of nascent axons; these
observations suggest that there is a defect in the axonal fate
determination of immature neurites (Wolman et al., 2008).
Although the results obtained in the present study suggest that
TAG-1 is a key regulator of neuronal polarization, the neuronal
polarization in the TAG-1 knockout (KO) mouse is not sub-
stantially changed (Denaxa et al., 2005; Fukamauchi et al.,
2001; Savvaki et al., 2008). Previous studies using functional
blocking experiment with neutralizing antibodies against TAG-1g antibody. The multipolar cells were labeled using electroporation at E13 and
G-1 antibody. The asterisk indicates the tip of the nascent axon.
ges of the unpolarizedmultipolar cells in the cortical sliceswere observed using
1, ***p<0.001. Scale bar represents 50 mm in (A) and (C) (top panel) and 10 mm in
Figure 7. Lyn Operates Downstream of TAG-1 in Neuronal Polarization In Vivo
(A) Knockdown and rescue experiment of TAG-1. Wild type Lyn, Fyn, Src, or Yes expression vectors were coelectroporated with TAG-1 shRNA vector into the
cerebral cortex at E13, followed by fixation at E16. GFP (green) and Hoechst 33342 (blue).
(B) Quantitative analysis of the effects of the knockdown and rescue of TAG-1 on axon formation. Axon formation was evaluated using the axon intensity ratio.
(legend continued on next page)
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axon extension (Denaxa et al., 2005; Morante-Oria et al., 2003;
Wang et al., 2011); however, some of these phenotypes were
not apparent in the TAG-1 KO mice (Denaxa et al., 2005; Fuka-
mauchi et al., 2001). The differences that are often observed in
the results from KO analysis, and the results from knockdown
analysis might be related to the experimental time window
(Denaxa et al., 2005; Wang et al., 2011): one time window
that suppresses gene expression throughout development
and another that silences gene expression for a portion of devel-
opment. In the former case, the organism might compensate
by modifying the activity of compensatory molecules. Given
that many IgCAMs share their binding partners with other
IgCAMs (Kamiguchi and Lemmon, 2000; Karagogeos, 2003),
these proteins could potentially compensate for each other. To
explore the compensatory mechanisms, we compared the
gene expression of Cntn1-6, L1, CHL1, NrCAM, and NCAM
between WT and TAG-1 KO mice using real-time PCR. As
expected, TAG-1 (Cntn2) mRNA expression was significantly
reduced in the TAG-1 KOmice. However, the expression of other
IgCAMs was not changed (data not shown). This result suggests
that the compensation is not merely due to the upregulation of
gene expression. Further studies are needed to better under-
stand the compensatory mechanisms.
How do preexisting axons facilitate neuronal polarization in
immature neurites? One possibility is that the physical contacts
increase the tension of the immature neurites. Mechanical
tension promotes neurite elongation and thereby induces
neuronal polarization (Lamoureux et al., 2002). The multipolar
cells repeatedly extend and retract immature neurites, which
could stabilize a single neurite through cell-to-cell interactions,
increasing neurite tension and thereby specifying the axon.
Another possibility is that the interaction activates signal mole-
cules that promote neuronal polarization.
It remains unknown how TAG-1 activates intracellular
signaling pathways. There are two possible mechanisms of
TAG-1-mediated signal transduction: SFKs in lipid rafts (micro-
domains) and cis-associated TAG-1 proteins (Karagogeos,
2003). Several cis-associated TAG-1 proteins, such as L1,
NrCAM, and CASPR2, have been identified (Karagogeos,
2003; Shimoda andWatanabe, 2009). We found that L1, NrCAM,
and CASPR2 are not involved in neuronal polarization (Figures 4
and S7). Thus, cis-associated proteins seem not to be involved in
TAG-1-mediated neuronal polarization.
Contactin family molecules exist in lipid rafts, and contactin-
mediated interaction activates SFKs (Kasahara et al., 2000;
Kra¨mer et al., 1999; Laursen et al., 2009; Prinetti et al., 2001).
Although SFKs regulate axon elongation and cell migration
(Maness and Schachner, 2007), the contribution of the SFKs to
neuronal polarization remains elusive. We showed here that(C and D) Interaction between TAG-1 and Lyn. COS7 cells were transfected wit
TAG-1 antibody with (D) or without MbCD treatment (C).
(E) Interaction between TAG-1 and Lyn in vivo. Lyn coimmunoprecipitated with T
(F) Antibody-mediated crosslinking of TAG-1 induces Lyn activation.
(G) Activation of Rac1 by Lyn. COS7 cells were transfected with indicated plasm
(H) Activation of Rac1 by TAG-1 crosslinking. COS7 cells were transfected with in
represent SEM. *p<0.05; **p<0.01. Scale bar indicates 50 mm in (A). See also Fig
826 Neuron 81, 814–829, February 19, 2014 ª2014 Elsevier Inc.Lyn mediated the TAG-1-induced neuronal polarization.
Because how TAG-1 regulates Lyn is currently unknown, further
studies are needed to elucidate the mechanisms. Based on our
in vivo and in vitro experiments, Lyn act as a downstream kinase
of TAG-1 and is likely responsible for neuronal polarization. SFKs
can modulate the activity of Rho family small GTPases; for
example, extracellular signals induce Rac1 activation through
SFKs and Rac1 guanine nucleotide exchange factors (GEFs)
such as Dock180 and Trio (DeGeer et al., 2013; Feng et al.,
2011), both of which are involved in axon outgrowth (Hall and
Lalli, 2010). Here, we found that the antibody-mediated cross-
linking of TAG-1 activates Rac1 in a Lyn-dependent manner.
Therefore, considering the present and previous studies,
TAG-1 could induce neuronal polarization through the activation
of Rac1. Further studies are needed to identify the responsible
GEFs or GTPase-activating proteins for TAG-1-Lyn-Rac1
signaling pathway.
In conclusion, multipolar cells might receive extrinsic factors
from the surrounding microenvironment to establish polarity.
We observed that the immature neurites of multipolar cells
became axons when they stabilized through interactions with
preexisting axons in the lower IZ (Figure S7). The homophilic
adhesion of TAG-1 might mediate neuronal polarization partly
through the activation of Lyn and Rac1 or mechanical inter-
actions with preexisting axons.
EXPERIMENTAL PROCEDURES
All animal experiments were performed according to the guidelines of the
Institute for Developmental Research and approved by The Animal Care and
Use Committee of Nagoya University. Pregnant ICR mice were purchased
from SLC Japan. The ROSA26-LynVenus mice were kind gifts from Dr.
Fujimori (RIKEN CDB) (Abe et al., 2011). A full description of experimental
procedures and reagents used in this study is presented in Supplemental
Experimental Procedures.
Plasmid Constructs and Antibodies
The detail of the plasmid constructs and antibodies are provided in the Supple-
mental Experimental Procedures.
In Utero Electroporation, Slice and Cell Culture, and Histology
In utero electroporation, cell and slice culture, and histochemical and
biochemical experiments were performed as described previously (Funahashi
et al., 2013; Miyata et al., 2004; Nakamuta et al., 2011), with some
modifications.
Biochemical Analysis
For immunoprecipitation assay, COS7 cells transfected with indicated
plasmids or mouse brain lysate prepared from E15 mouse were processed
for immunoprecipitation assay as described previously (Funahashi et al.,
2013), with some modifications. Buffer composition is as follows: 50 mM
Tris/HCl (pH 7.5), 1% Triton X-100, 1 mM EGTA, 150 mM NaCl, and protease
and phosphatase inhibitors.h indicated plasmids and subjected to immunoprecipitation assay using anti-
AG-1 from E15 mouse brain lysates.
ids and subjected to PAK-CRIB pull-down assay.
dicated plasmids and subjected to PAK-CRIB pull-down assay. The error bars
ure S7.
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Data were evaluated using one-way ANOVA followed by a post hoc Scheffe’s
F test and log rank test. All values are expressed as themeans ±SEM. *p < 0.05
was considered to indicate statistical significance.SUPPLEMENTAL INFORMATION
Supplemental Information includes seven figures, seven movies, and Supple-
mental Experimental Procedures and can be found with this article online at
http://dx.doi.org/10.1016/j.neuron.2013.12.015.
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